The tropical seagrass Halophila stipulacea is native to the Red Sea, Persian Gulf and the Indian Ocean. Following the opening of the Suez Canal, H. stipulacea became a Lessepsian immigrant, spreading to most of the eastern Mediterranean Sea. Its arrival in the Caribbean, where it has changed the local seagrass landscapes, has led to concerns about its potential effects on Mediterranean seagrass diversity. Surprisingly, morphological, growth, structural and demographic traits have never been quantitively compared between native and invasive populations of H. stipulacea. Aiming to deepen our understanding of the invasiveness potential of H. stipulacea, we recently established permanent monitoring transects at similar depths in both the native (Eilat, Israel) and invasive (Limassol, Cyprus) habitats. Samples were collected at both locations, four times during 2017 and were used for comparing morphological and growth traits (internode distance¸leaf surface area) alongside structural and demographic traits (above and below ground biomass, percent cover, shoot density). Results show that above-ground biomass, shoot density and percent cover were higher year-round in Eilat than in Limassol, reaching a maximum in July (Eilat) and October (Limassol). Leaves in Eilat were larger than in Limassol but year-round, plants from Limassol had more apical shoots and larger internodes.
Introduction
The seagrass Halophila stipulacea (Forsskal) Ascherson is a dioecious, small tropical species, native to the Red Sea, Persian Gulf, and Indian Ocean (Lipkin, 1975) . Soon after the opening of the Suez Canal in 1869, H. stipulacea became a Lessepsian migrant. Since its first report in the island of Rhodes in 1894, H. stipulacea has spread throughout most of the eastern and southern Mediterranean basins (Lipkin, 1975; Gambi et al., 2009; Sghaier et al., 2011) .
In 2002, H. stipulacea was reported for the first time in Grenada, in the Caribbean Sea (reviewed by Willette and Ambrose, 2012) . In just over 10 years, it has spread to most of the Eastern Caribbean island nations (Willette and Ambrose, 2012) and has even reached the South American continent (Vera et al., 2014) . Studies from the Caribbean have demonstrated the invasiveness of H. stipulacea by showing that H. stipulacea is physically displacing local Caribbean seagrass species (e.g. https://doi.org/10. 1016/j.aquabot.2020.103205 Received 17 June 2019; Received in revised form 8 December 2019; Accepted 13 January 2020
Syringodium filiforme, Halophila decipiens, and Halodule wrightii; Willette and Ambrose, 2012; Steiner and Willette, 2015a) , while in parallel it has also expanded into sand 'halos' and the margins of coral reefs, where other seagrasses usually do not grow (Steiner and Willette, 2015b) . Taken together, these processes have transformed the Caribbean's seagrass landscapes (Steiner and Willette, 2015a) .
Considering the highly invasive character displayed by Halophila stipulacea in the Caribbean, the ongoing tropicalization of the Mediterranean Sea (Bianchi and Morri, 2003) together with the recent expansion of the Suez Canal (Galil et al., 2015) and the increasing mortality of the Mediterranean's native seagrasses in an era of rapid global change (Jordà et al., 2012) , there is growing concerns about the expansion of H. stipulacea in the Mediterranean and its potential effects on the native temperate seagrass species in this basin. Thus, it is surprising to know that only limited data are available regarding the yearround population dynamics of H. stipulacea in its original distributional ranges (e.g. within the Gulf of Aqaba [GoA]), where it is considered the dominant seagrass species (Wahbeh, 1988; Cardini et al., 2018) , and no year-round data exist for H. stipulacea from the Mediterranean, where it has the potential to trigger significant changes to the local seagrass communities (Sghaier et al., 2014) .
Lack of information regarding the year-round dynamics of both native and invasive populations of Halophila stipulacea limits our understanding of the current population dynamics of this seagrass species in both these sites but also hinders future conservation and management efforts directed at seagrasses in both habitats.
To our best knowledge, a year-round quantitative comparison between invasive and native populations of the seagrass H. stipulacea was not done in a comparative manner. Here we report on a year-round quantitative comparison between native (Eilat, Israel, northern Gulf of Aqaba, northern Red Sea) and invasive (Limassol, Cyprus, eastern Mediterranean Sea) populations of H. stipulacea. The results presented here provide knowledge about the population dynamics of H. stipulacea from both its native and invasive ranges. This knowledge can serve as baseline data for future monitoring efforts in these regions.
Methods

Setup of monitoring sites
50-meter long permanent transects were set up at 3−4 m depth at both the native site (Eilat, northern Gulf of Aqaba, northern Red Sea, Israel; 29°34'48"N, 34°57'33"E; Fig. 1c , e.g.) and at the invasive site (Limassol, eastern Mediterranean Sea, Cyprus; 34°42'20"N, 33°07'24"E; Fig. 1b, d, f) . Transects were marked with labelled plastic poles and floats for easy identification, allowing for revisiting once every three months. The transects (one in each site) were visited seasonally in 2017 as follows: spring (Eilat: 18th March; Limassol: 9th April), summer (Eilat: 3rd July; Limassol: 9th July), autumn (Eilat: 3rd October; Limassol: 29th September) and winter (Eilat: 25th December; Limassol: 2nd December) ( Fig. 1h ).
Sea surface temperature
To compare environmental temperatures between study locations in Eilat and Limassol, we obtained daily average sea surface temperatures for the period of 2017 from the NOAA dOISST.v2 dataset at www.ngdc. noaa.gov. We used Advanced Very High-Resolution Radiometer (AVHRR) only data, due to its longer temporal span and because it has been shown to outperform other datasets in coastal areas (Lima and Wethey, 2012) . Roca et al. (2016) showed that in small seagrasses (e.g, Halophila sp.), morphological, growth, structural and demographic traits were particularly responsive to both a suite of stressors and the recovery from them. Following these traits provides a basic understanding of the population's dynamics, seasonal changes, alongside basic population characteristics and general environmental quality (Roca et al., 2016) . These traits also tend to be relatively cheap and easy to apply, providing an opportunity for citizen science programs to join future monitoring of H. stipulacea.
Seagrass measurements
Seagrass cover was assessed in replicated photo-quadrats (50 × 50 cm, n = 10) every 5 m along the 50 m transects and the taken photos were processed using the CoralNet Platform (Beijbom et al., 2015) by applying 100 random points per quadrat.
Plant materials were collected from 25 × 25 cm quadrats (n = 4 in each site and season), placed along the transect ( ∼ 10 m away from each other). Samples were collected and transported to the laboratory in ziplock bags filled with seawater for further measurements.
Shoot density was calculated as the total number of shoots per m 2 . Fresh plant material was separated into above-ground (leaves) and below-ground (rhizomes and roots) compartments and oven-dried at 70 ℃ for 24 h to obtain above-and below-ground dry biomass (g DW m −2 ) and their ratios.
Data from replicated quadrats in each season were then averaged and normalized to m 2 . H. Manh Nguyen, et al. Aquatic Botany 162 (2020) 103205 Thirty mature-undamaged leaves from each quadrat were digitally scanned (CanoScan LiDE 120, Canon U.S.A., Inc, USA) and images were processed with ImageJ (https://imagej.nih.gov/ij/) to estimate the leaf surface area (cm 2 ).
Percentage of apical shoots (shoot apical meristems) and average internode distances were assessed throughout all collected samples.
Statistical analyses
Permutational multivariate analysis of variance (PERMANOVA) was performed to assess the significant difference between native vs. invasive sites, seasons (i.e. spring [March-April 2017] , summer [July 2017], autumn [Sep-Oct 2017] , and winter [Dec 2017]) and the interaction between sites and seasons. Data were analyzed on the resemblance matrix (created by S17 BrayCurtis similarity) on Primer 6 v.6.1.16 + PERMANOVA v. 1.0.6 (Anderson et al., 2008) with site and season treated as fixed factors and 9999 permutations. PERMANOVA was followed by a pair-wise test performed to detect significant differences between seasons of each population separately.
Results and discussion
Results show that percent of seagrass cover ( Fig. 2a) was higher year-round in the native site (Eilat) compared with its invasive site (Limassol; PERMANOVA, Pseudo-F = 155.6, p (perm) = 0.0001). This is not surprising since Halophila stipulacea is the dominant and often the only seagrass species in Eilat where it is found growing in a monospecific meadows ( Fig. 1g ; Winters et al., 2017) while in Limassol, H. stipulacea has to compete with other native species and is usually found growing in mixed meadows (Fig. 1f ). In the native population, the highest percent of H. stipulacea cover was found in the summer, while in the Cyprus invasive population, percent of cover was highest during autumn ( Fig. 2a ). This could be explained by two possible reasons, (1) the invasive H. stipulacea could be limited by the fast-growing neighbouring Mediterranean Cymodocea nodosa which reaches a maximum during the summer (Cancemi et al., 2002) and (2) the much colder winter ( ∼ 16 ℃) in Limassol than in Eilat ( ∼ 21 ℃; Fig. 1h ) might extend the recovery time of the invasive plants before flowering takes place during the summer months (Nguyen et al., 2018) . As a result, we observed significant differences in season (PERMANOVA, Pseudo-F = 4.5192, p [perm] = 0.0041) as well as the interaction between seasons and sites (PERMANOVA, Pseudo-F = 13.815, p [perm] = 0.0001) in percent of cover.
We also noticed that shoot density was similar between both populations during spring, autumn and winter but very different in the summer due to the extremely higher shoot density in the native population during summer time (Fig. 2b ) that leads to the significant difference between sites (Eilat vs. Limassol; PERMANOVA, Pseudo-F = 4.979, p [perm] = 0.019).
Results for the above-ground biomass (Fig. 2c ) reflected what was found in the percent cover. Above-ground dry biomass was significantly higher year-round in plants from Eilat compared with their invasive counterparts (Fig. 2c , PERMANOVA, Pseudo-F = 24.741, p [perm] = 0.0001), with highest above-ground biomass found in Eilat during the summer, but in the autumn for the Cyprus population.
In the invasive population, below-ground biomass (Fig. 2d ) started to increase from the autumn and reached the highest value during spring (PERMANOVA, Pseudo-F = 2.4767, p [perm] = 0.0261). This phenomenon corresponds with the hypothesis that the invasive plants were using their below-ground energy to survive the cold Mediterranean winter (Fig. 1h) . The year-round above-to below-ground biomass ratios in Eilat plants were much higher than that of their Cyprus counterparts (always more than 0.7; Fig. 2e ), indicating that relatively, in Eilat plants, more biomass was being accumulated above-ground compared with the Cyprus population. The significant interaction between sites and sampling seasons found for the above-to below-ground biomass ratios (PERMANOVA, Pseudo-F = 2.565, p [perm] = 0.0235) confirms that both of these populations modified their above to belowground biomass ratios but at different seasons ( Fig. 2e) . Above-to below-ground biomass ratios in invasive plants were less than 0.5 most of the year (spring, summer, and winter) indicating that majority of the biomass of these plants during most of the year was below ground. The accumulation of underground biomass could potentially help these plants store energy in their "underground storage" to better overcome the cold winter (Marín-Guirao et al., 2018) . Highest above-to belowground ratios were found in Cyprus in the autumn (close to 1.0) compared with maximal ratios in the Eilat plants that were measured in the summer (close to 1.2).
Although found growing in similar depths, in terms of leaf surface area (Fig. 2f) , native plants were found to be significantly larger yearround than leaves from invasive plants (PERMANOVA, p [perm] = 0.0001). The fact that leaf area might be affected by different environmental parameters at the different sites might be indicated by the significant differences between seasons and the significant season × site interaction (PERMANOVA, Pseudo-F = 12.103, p [perm] = 0.0001 and Pseudo-F = 7.7689, p [perm] = 0.0003, respectively). Changes in leaf area may help Halophila stipulacea plants to optimize their carbon balances. In Eilat, where there are relatively small changes in water temperature throughout the year (21-27℃; Fig. 1h ), changes in leaf area reflect the seasonal changes in light in this region (Winters et al. 2006) . Minimal leaf areas in the Eilat's summer could indicate photoacclimation to the intense irradiance experienced during this season, while maximal leaf areas in the winter probably indicate attempts to compensate for the relatively low light in this season. In contrast, in the invasive population, smaller leaves during spring and winter can strengthen the ability of invasive H. stipulacea plants to cope better with the colder temperatures experienced in this region (17-18℃), as compared with warmer waters of Eilat (21℃). A similar mechanism has been demonstrated in terrestrial plants (Milford and Riley, 1980) . Indeed, results showed that the invasive plants increased their leaf size during autumn (2.09 cm −2 ± 0.14 SE, Fig. 2f ), when water temperatures were more favourable. Shoot density results (Fig. 2b) concur with the results from above-ground biomass and leaf surface area. Invasive plants produced a similar number of shoots as native plants during the spring and winter, but smaller leaf surface area year round (Fig. 2f ) resulted in lower above-ground biomass (Fig. 2d ).
Furthermore, our results demonstrate some of the different morphology that might be associated with the invasive characteristic of Halophila stipulacea in the Mediterranean ranges via a higher percentage of apical shoots and longer internode distances. Having significantly more apical shoots and longer internode distances (Fig. 2g,h ; Eilat vs. Limassol, PERMANOVA, Pseudo-F = 6.7344, p [perm] = 0.0178 and Pseudo-F = 15.74, p [perm] = 0.0015, respectively) could contribute to the ability of the invasive plants to (i) rapidly occupy more space and (ii) escape from un-favourable new environments. These morphological traits can potentially contribute to the invasiveness of H. stipulacea in the Mediterranean (Gambi et al., 2009 ) and Caribbean Seas (Steiner and Willette, 2015a,b) .
Although Halophila stipulacea was included in the "100 Worst Invasive Alien Species in the Mediterranean" (Streftaris and Zenetos, 2006) , in this basin, evidence for its "invasive" characteristics are scarce. In the Mediterranean, H. stipulacea has been continuously spreading westwards and northwards (Lipkin, 1975; Gambi et al., 2009; Sghaier et al., 2011) .
Recent experimental tests (Georgiou et al., 2016; Nguyen et al., 2020) predict that H. stipulacea will continue to spread throughout the whole Mediterranean Sea in the coming. With the semi-enclosed Mediterranean Sea becoming warmer and saltier (Bianchi and Morri, 2003) , it has been predicted that the ongoing tropicalization of the Mediterranean Sea might be causing declines in local Mediterranean temperate seagrasses species (Jordà et al., 2012) , while favouring the expansion of the tropical invasive H. stipulacea (Georgiou et al., 2016; Gambi et al., 2009) . Evidence for the invasive characteristics of H. stipulacea in the Mediterranean include observations by Sghaier et al. (2014) that showed in Tunisia, that introduced H. stipulacea was taking over the meadows of the local Mediterranean seagrass species (i.e. Cymodocea nodosa). Work by Chiquillo et al. (in prep.) has recently experimentally shown that both in the Caribbean and the Mediterranean Seas, H. stipulacea grows better with local native species than by itself, hinting to the potential mechanism of H. stipulacea's success in its new invasive habitats.
Although seagrass meadows form some of the most valuable ecosystems on earth (Costanza et al., 2014) , within the Gulf of Aqaba, seagrasses have not received much attention by the public, scientists or authorities involved in conservation and management (Winters et al., 2017) . Indeed, the limited data available for year-round population dynamics of Halophila stipulacea within the Gulf of Aqaba (Wahbeh, 1988; Cardini et al., 2018) , where it is considered the dominant and sometimes only (Winters et al., 2017) seagrass species, is worrying.This is crucial when considering the 1) wide distribution of seagrasses in the Gulf, and 2) the estimated value of ecosystem services and functions associated with seagrasses (Costanza et al., 2014) , many of which are important to adjacent coral reefs (Unsworth et al., 2012; Lamb et al., 2017) , and 3) the fact that least on the Israeli side of the northern tip of the GoA, the National Monitoring Program at the Gulf of Eilat (NMP-Israel) has been collecting since 2004 high-resolution data of local marine ecosystems (http://www.iui-eilat.ac.il/Research/NMPAbout. aspx). Results from this study could be used as a preliminary database facilitating H. stipulacea monitoring in the near future.
On the other hand, tropicalization (Bianchi and Morri, 2003) of the Mediterranean invasive habitats, accompanied by the recent doubling of the Suez Canal (Galil et al., 2015) , could potentially (i) facilitate the further spreading of Halophila stipulacea, (ii) enhance its ability to outcompete local seagrass species (Sghaier et al., 2014) or (iii) broaden its ability to occupy newly available habitat following predicted extirpation of local Mediterranean seagrass species (Jordà et al., 2012) . Although H. stipulacea has not yet been on the main agenda of seagrass research and monitoring efforts in Mediterranean waters, we emphasize that now is the time to put more effort into studying and monitoring this seagrass species.
It is important to note that in this study, we used only one population from each basin and visited each site only once per season. Considering the exponentially growing human pressures on coastal areas, specifically in the crowded shores of Mediterranean and the northern GoA, we highlight the need for coordinated monitoring (e.g. this study) and mapping efforts (e.g. Winters et al., 2017) that will focus on recording changes over time and space in Halophila stipulacea and associated communities in multiple sites both its native and invasive ranges.
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